The reaction of (en)Pd(NO3)2 (en = ethylenediamine) with 1,4-bis(dimethyl-4-pyridylsilyl)benzene (L) affords cyclodimer, [(en)Pd(L)]2(NO3)4, whereas the reaction of (tmeda)Pd (NO3) 
Introduction
Research on the prediction and control of bulk properties on the basis of molecular structure and motion is a current important issue. [1] [2] [3] One aspect of particular interest is the formation of stimuli-responsive hydrogels that have potential applications such as foods, cosmetics, textile fibers, drug delivery agents, superabsorbents, and tissue engineering scaffolds. [4] [5] [6] [7] In particular, supramolecular self-assembly through weak intermolecular interactions has been employed as a general method for the formation of task-specific hydrogels. 8, 9 These weak intermolecular interactions, via intermediary water molecules, are a significant factor in hydrogelation of polymeric compounds. Whereas numerous organic/polymeric hydrogels have been developed, [10] [11] [12] [13] reversible hydrogelation of discrete metal complexes is, to our best knowledge, unprecedented. Discrete organic molecules such as steroids, carbohydrates, anthryl derivatives, and urea have been known to form useful hydrogels. [14] [15] [16] [17] On the other hand, the ability to control metallacyclic rings by means of chemical triggers is of importance in the construction of molecular machines, recognition, selective transformation, catalysts, storage, and biomimics materials. [18] [19] [20] Simple, readily applicable controllable methods of rings are ring-expansion and the "magic ring" phenomenon by means of labile Pd−N dual character. [21] [22] [23] Hydrogelation via the fluxional motion of such discrete cyclopalladium(II) complexes remains a tough challenge.
In this context, we report the first hydrogelation and sructural properties of a fluxional cyclopalladium(II) system along with coligand effects. Our first goal was to achieve the coligand effects of the Pd−N bonding properties, but this was also an unprecedented reversible hydrogelation of discrete palladium(II) complex in water. These materials undergo a well characterized sol↔gel transition (sol→gel below 2 o C; gel→sol above 38 o C).
Experimental Section
Materials and Measurements. Potassium tetrachloropalladate (K 2 PdCl 4 ), N,N,N',N'-tetramethylethylenediamine (tmeda), ethylenediamine (en), 1,4-bis(chlorodimethylsiyl)benzene, and AgNO 3 were purchased from Aldrich, and used without further purification. (en)PdCl 2 and (tmeda)PdCl 2 were prepared by the literature procedure. 24 1,4-Bis(dimethyl-4-pyridylsilyl)benzene (L) was prepared by a method outlined in two of our previous literatures. 25 6 , and both complexes are stable in solid state. Thus, the metallacyclization is significantly affected by coligands. The formation of products seems to be induced from the steric difference between tmeda and en rather than from electronic difference. The bulky tmeda prefers T to D in order to decrease the ring constraint.
Formation of Catenane. The 1 H NMR spectra in water at room temperature indicate the equilibrium between the metallacycles and its corresponding catenanes. Figure 1 shows the concentration-dependent (Figure 3(c) and 3(d) ) show the morphology of the dried hydrogel prepared in pure water. The morphology shows a network structure composed of fibers with nano dimension which is similar to the Maitra's results for the discrete hydrophobic pocket molecule. 5 Even though the mechanism of hydrogelation is not clear at this stage, electrostatic interaction through NO 3 − as a mediator and hydrophobic interaction via a mixture of fluxional CT and T may be responsible for the formation of network fibers.
Organic additives and/or polymers have been used to control the formation of hydrogel, [11] [12] [13] the present hydrogelation of discrete metal complexes described in this paper is unprecedented. This system is an effective means of clearly showing the difference in motion between D and T. The D species is similar to the Fujita's results, 22 but the T species is unprecedented in the catenation. Indeed, the most significant difference between D and T, as established by the 1 H NMR spectra, may be ascribed to the molecular motion. That is, CD is rigid whereas CT is fluxional in aqueous solution. The rigid D produces a simple solid product, but the fluxional largecyclic T affords hydrogel in water. Formation of the hydrogel can be ascribed to a suitable combination of the hydrophobic Si properties, the charged hydrophilic NO 3 − , electrostatic interaction, and the fluxional motion. Another important factor in both catenation and hydrogelation is solvent effects. T in a mixture of D 2 O and MeOH-d 4 was not hydrogelated, and CT was drastically decreased with addition of methanol. Thus, the compound in organic solvents did not form the gel. The intermolecular interactions of fluxional metallacyclic molecules via intermediary water molecules seem to be a driving force of the formation of hydrogels. T is more prone to self-assembly due to amphiphilicity and van der Waals interaction, but how this hydrogel is formed from the individual molecules is not clear at this stage. This system is a genuine hydrogelation of discrete metal complexes in water without any organic solvent. These hydrogels have the ability to sense the changes of pH, temperature, or the concentration.
Conclusions
The present system shows the subtle coligand effects on metallacyclization and catenation. This fluxional catenated cyclotrimer (CT) is an unprecedented system. The first reversible hydrogelation of discrete metal complexes in pure water without any additives or organic solvent seems to have been induced from equilibrium between fluxional cyclotrimers (T + CT) in water. This process is a conceptually advanced method of producing hydrogels. The 38 o C transition temperature and pH changes of the present hydrogels can contribute to the desirable cyclic materials applicable to sensor technology, transport, and drug delivery system in the human body.
